High structural and optical quality In x Ga 1Ϫx P/GaAs quantum wells, with x from 0.51 to 0.45, have been successfully grown by atomic layer molecular beam epitaxy. In that compositional range, an important blue shift of the quantum well luminescence lines is observed, which is explained by an increase of the conduction band gap offset from compressive to tensile strain conditions. The luminescence intensity decreases with temperature above 20-30 K, which is attributed to impurities located at the interfaces and inside the quantum wells. The influence of the In content on the oscillator strength of the optical transitions is also evaluated.
A great deal of work has been devoted in the last years to the growth, control, and characterization of InGaP epitaxial layers lattice matched to GaAs ͑Refs. 1-3 and references therein͒. InGaP layers have been proposed as a partner of GaAs to be used as a good substitute of AlGaAs in electronic and optoelectronic devices, [4] [5] [6] [7] [8] since the last one contains a large concentration of DX-centers and has a high reactivity with oxygen. In this letter we present preliminary results on the optical properties and excitonic recombination in highquality In x Ga 1Ϫx P/GaAs quantum wells ͑QWs͒, with x ranging from 0.45 to 0.51.
The structures under study were grown under the same conditions on semi-insulating ͑001͒-GaAs substrates, after a mixed 700ϩ300 nm ͑500ϩ500 nm in sample 1͒ thick GaAsϩIn x Ga 1Ϫx P buffer layer. The GaAs buffer layers were grown at 580°C by MBE, while the InGaP buffer layers and the heterostructures by atomic layer MBE ͑ALMBE͒ at 420°C. The phosphorous beam equivalent pressure never exceeded 10 Ϫ6 Torr and the growth rate was 1 monolayer per second. The structures consist in five GaAs quantum wells of different nominal thicknesses: 200, 120, 60, 40, and 30 Å, cladded by 300-Å-thick In x Ga 1Ϫx P barriers ͑the In content in each sample is the same for both buffer and barriers͒. The outermost barrier is 500 Å thick followed by a 40-Å-thick GaAs cap layer. All samples were characterized by double crystal x-ray diffraction for the ͑004͒ and ͑115͒ reflections. These results show that InGaP layers are fully strained and have the following In contents: xϭ46.4, 51.0, and 45.0 ͑Ϯ0.1͒% for samples 1, 2, and 3 ͑strain conditions: ⑀ϭ1.5ϫ10 Ϫ3 , Ϫ2.5ϫ10 Ϫ3 , and 1.9ϫ10 Ϫ3 , respectively͒. Continuous wave photoluminescence ͑PL͒ and PL excitation ͑PLE͒ measurements have been performed from 2 to 300 K by using the 514 nm line of an Ar ϩ laser and an Ar ϩ pumped Ti:sapphire laser, under low excitation regime, respectively. Figure 1 summarizes the PL spectra measured for the three samples in the regions of interest. An increasing blue shift is observed in the QW PL lines from sample 2 to sample 3, as shown in Fig. 1͑a͒ . Transition energies without exciton correction have been also calculated by using our experimental results ͓PL shown in Fig. 1͑b͒ and piezoreflectance not shown here͔ for the strained alloy band gap and the heavy-light hole splitting ͑about Ϫ10, 20, and Ϫ16 meV for samples 1, 2, and 3, respectively͒. These calculations ͓marks in Fig. 1͑a͔͒ have been performed under the assumption of an increase of the conduction band gap offset from Q c ϭ0.07 ͑sample 2͒ to Q c ϭ0.14 ͑sample 1͒ and Q c ϭ0.2 ͑sample 3͒, in order to reproduce the experimental blue shift. This hypothesis seems reasonable; in fact a net increase of Q c with the P content in tensile strained GaAsP/GaAs have been reported. 9 At the same time, the estimated value Q c ϭ0.14 for sample 1, closer to lattice match composition, is practically that deduced in Ref. 10 . The energy shift of the InGaP excitonic line ͓Fig. 1͑b͔͒, from 1.927 eV for sample 2 to 2.013 eV for sample 3, is in agreement with reported values for the compositional range used here. [11] [12] [13] The low-energy FIG. 1. PL spectra excited with an Ar ϩ laser at 2 K for all samples in the regions of interest: ͑a͒ GaAs QWs and ͑b͒ InGaP barriers. In the latter case, the overall PL intensity is about two orders of magnitude lower than that measured for the 30-Å-thick QWs. Marks added in ͑a͒ are calculated transition energies: 1.515 eVϩconductionϩvalence subband energies.
peaks are attributed to acceptors, as discussed below. The PL linewidth for In x Ga 1Ϫx P layers range from 8 to 10 meV, of the same order than the best values achieved by other epitaxial growth techniques and different growth conditions. 1, 2, 14, 15 The PL linewidth for QWs ranges from 4 to 6 meV. At the same time, a negligible Stokes shift ͑SS͒ is detected for the 60-Å-wide QWs, as shown in Fig. 2 . The SS is also zero for the other quantum wells, except for the 30-Å-thick ones ͑SSϭ2-3 meV͒. The latter parameters, assessing the optical quality of the structures, are comparable or better than those reported in the literature. [4] [5] [6] [7] [8] The optical quality is lower for the nominally 120-Å-wide QWs. In fact, a red shift is observed when PL is excited by infrared light, as shown in Fig. 3 . This effect is also observed in samples 2 and 3, in which the red shift is stronger and weaker, respectively. Moreover, no emission is detected from the 200-Å-thick QW ͑also the deepest in each structure͒ and the optical quality increases for outer QWs. It can be explained by a flattening of the InGaP free surfaces after the growth of the first GaAs layer ͑200 Å͒, being nearly total after the growth of the second one ͑120 Å͒. This flattening effect of a binary grown on a ternary has been also observed for the analogous system InP-InGaAs grown by ALMBE.
16 Figure 4 shows the temperature variation of the PL integrated intensity for two QWs ͑60 and 30 Å͒ and InGaP layers of samples 2 and 3. The PL efficiency tends to be constant below 30 K, similarly to the sample studied in Ref. 5 . However, the PL integrated intensity decreases by one order of magnitude between 30 and 90 K in that case, 5 as compared to the observed reduction of a factor 4-5 in our QWs. As a matter of fact, similar dependence with temperature is observed in all QWs and even in the three samples, indicating the possibility of carrier losses inside the QW or at the interfaces, instead of the well known thermal emission of carriers to the outer barriers where they recombine nonradiatively. [16] [17] [18] The lines fitting our experimental results ͑Fig. 4͒ have been obtained by using a classical thermal activation model; [17] [18] [19] 
where 0 is the exciton radiative lifetime at low temperature ͑Ϸ1 ns͒ and 1/⌫ 1,2 the room-temperature nonradiative lifetimes for two possible carrier loss mechanisms. The fit of Eq. ͑1͒ to the experimental data for all QWs and samples gives the following values: E 1 Ϸ16-20 meV, ⌫ 1 Ϫ1 Ϸ20-30 ps, E 2 Ϸ70-85 meV, ⌫ 2 Ϫ1 Ϸ0.1-0.3 ps. The first mechanism could be associated to that observed for InGaP layers (E 1 Ϸ20-26 meV, ⌫ 1 Ϫ1 Ϸ2 -4 ps, ⌫ 2 Ϫ1 Ϸ0), and thus it could be related to acceptor impurities located at the interfaces. In fact, the PL spectra associated to the alloy ͓Fig. 1͑b͔͒ has a low-energy contribution ͑18-22 meV below͒, that we assume due to eϪA 0 , as deduced from the temperature and power dependence of this emission line. The second nonradiative mechanism could be associated to acceptors inside the QWs or deeper impurity levels at the interfaces. Further improvement of the optical quality of InGaP/GaAs QWs can be expected in the future by optimizing growth conditions. ͑ii͒ the photon flux is reduced in each layer by the factor exp͑Ϫ␣z͒, ␣Ϸ10 5 cm Ϫ1 for GaAs and InGaP at ϭ514 nm; ͑iii͒ we calculate the ratio between ͐I PL (E)dE for each QW ͓Fig. 1͑a͔͒ and the corresponding number of carriers photocreated; and ͑iv͒ the four values obtained in each sample are finally normalized to the sum.
For thick QWs ͑60 and 120 Å͒, the oscillator strength seems to increase from sample 3 ͑tensile strain͒ to sample 2 ͑com-pressive strain͒, due to the dependence of this parameter on the effective mass. The opposite tendence is observed for thinner QWs. On the one hand, a saturation of the oscillator strength is observed for sample 2, which is coherent with the low estimated value for Q c , inducing a fast saturation of the electron subband energy and the associated spread of the electron wave function throughout the barriers. 20 On the other hand, the oscillator strength increases by a factor 2.5 from the 120 Å to the 30 Å QW in sample 3, which is similar to the observed and calculated increase in the AlGaAs/GaAs system. 21 In summary, InGaP/GaAs quantum wells of good optical quality have been grown successfully by ALMBE. In the indium content range from 0.51 to 0.45 ͑compressive to tensile strained barriers͒ we have observed a gain in oscillator strength for thin QWs and vice versa for thicker ones. Simultaneously, an important blue shift of the confinement energies has been shown, which has been explained assuming an increase of the conduction band gap offset. Acceptor impurities located in the GaAs QWs and their interfaces with InGaP seems to be responsible of the temperature quenching of the luminescence.
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